Summary
Introduction

1
An important aspect of climate change concerns the effects of temperature increase on tree 2 growth and wood production and the evolution of forest ecosystems. Some changes in forest 3 productivity can be attributed to longer growing seasons due to changes in tree phenology 4 from cambium division and cell expansion to secondary wall production. These processes are 22 regulated by several intrinsic factors, such as gene expression (Schrader et al. 2004) and 23 hormonal signals (Schrader et al. 2003) , and environmental factors such as temperature and 1
precipitation (Gorsuch and Oberbauer 2002, Deslauriers and Morin 2005, Gričar et al. 2007, 2
Zweifel et al. 2006 ). However, the question arises as to whether there is a link between changes 3 in cambium phenology (onset and duration) and intra-annual wood formation. For example, 4 changes in duration of wood formation induced by a change in the cambium phenology might 5 result in a modification to ring-width formation. 6
The ongoing climate change is an added source of stress for those species already threatened by 7 local environmental modification and anthropogenic activity (McCarty 2001) . In the Pollino 8 massif (Southern Italy), the treeline is formed by Pinus leucodermis Ant., a low-endangered 9 species at the limit of its geographical range. Todaro We studied cambium phenology in multi-century trees of P. leucodermis, growing at a tree-line 1 in Southern Italy with the aim of describing xylem cell formation with divergent spring 2 temperatures at weekly scale. Intra-annual growth during 2003 and 2004 was monitored by 3 assessing (1) differences in the phenological phases and (2) their effects on tree-ring formation. 4
Material and Methods
1
Site of study 2 The study was conducted on the Pollino massif in Southern Italy (Serra di Crispo, 39° 56' N, 3
16°12' E). The site was located at 2100 m a.s.l. with west-facing slopes varying between 40% 4 and 60%, mean annual temperature of 4 °C and annual precipitation of 1557 mm, mainly 5 concentrated in autumn and winter. Dry summer soil conditions that could affect tree growth are 6 mitigated by fog and low clouds, frequent in this area influenced by the Tyrrhenian sea (Todaro 7 et al. 2007 ). On the highest cliff peaks of the massif grow multi-century trees of Pinus 8 leucodermis Ant., a relict of Tertiary flora and a Balkan endemic surviving only in the mountain 9 regions of south-eastern Europe. The species distribution in Italy is narrow and fragmented 10 between the regions of Basilicata and Calabria (Avolio 1996) and located only on the upper parts 11 of the mountains. The timberline of this species is formed by low density stands with isolated P. 12 leucodermis above the closed forest of Fagus sylvatica. 13
Data collection
14
Meteorological data 15
A two-meter tall weather station was installed in an open area at the centre of the site. Air 16 temperature was measured at 2 m above the ground. Stem temperature was measured at 1.3 m 17 height with stem sensors facing south, inserted beneath the bark close to the cambial zone and 18 protected by insulating shields. Data were measured each minute and recorded as an average 19 every hour by means of a CR10X datalogger (Campbell Scientific Corporation). Precipitationswere collected from two other weather stations, Campotenese (965 m a.s.l., 11 km from the site) 1
and Teana (806 m a.s.l., 25 km from the site). The mean monthly precipitations were then 2 calculated from these two stations. 3
Xylem formation 4
Ten trees of P. leucodermis were selected after a preliminary investigation performed on 20 trees characterized by thin cell walls and small radial diameters (Rossi et al. 2006b ). During cell 21 enlargement, the tracheids were composed of a protoplast still enclosed in the thin primary wallbut with radial diameter at least twice that of a cambial cell. The colour of cells in wall thickening 1 changed from light violet at the beginning of the process to deep violet close to the mature cell 2 state. Lignification was characterized by the appearance of blue, initiating in the cell corners and 3 middle lamella and spreading into the secondary walls of differentiating tracheids. Xylem cells 4 were considered lignified and mature when they were completely blue (Rossi et al. 2006b ). For 5 each sample, total xylem cell number was found by counting the number of cells in radial 6 enlargement, in cell wall thickening and mature cells along three radial rows (Deslauriers et al. 7
2003a, Rossi et al. 2006b ) and averaged for each site, species and year. In spring, when at least 8 one horizontal row of cells was observed in the enlarging phase, xylem formation was considered 9
to have begun. In late summer, when no further cell was observed in wall thickening and 10 lignification, xylem formation was considered complete. 11
Cell measurements 12
In both years, 3 microcores per tree from the last sampling date were processed as described 13 above and sections stained with safranin (1% in water) and permanently fixed with Canadian 14 balsam (Eukitt  ) to measure the cell features using Wincell. A camera fixed on an optical 15 microscope was used for numerical image analysis. The parameters measured were single cell 16 wall thickness (µm), lumen diameter (µm), lumen area (µm 2 ) and cell diameter (µm). On each 17 section, 3 radial files were measured by selecting files with larger tracheids to ensure that the cell 18 sections represented the middle part of their length (Deslauriers et al. 2003a). As these cores were 19 taken and measured when tree-ring growth had finished, the tree-ring width increase over time, 20
representing the cumulated cell diameter, was reconstructed for the growing season based on the 21 cell number increase according to Deslauriers et al. (2003b) .
Xylem phenology 1
The phenology of xylem development was assessed for each tree. Four phenophases were 2 considered, including onset and ending of both cell enlargement and cell wall thickening. Normal 3 probability plots were used to compare the ordered date values (one date per tree) with the 4 percentiles of a normal distribution. The points on the plot adapt along a line when the 5 distribution matches the normal pattern. For each phenophase, the median date of the population 6 corresponded with the 50 th percentile of the normal distribution (Waggoner 1974) . Phenophase 7 differences between 2003 and 2004 were calculated with median tests. 8
Temperature threshold 9
Logistic regressions were used to calculate the probability of xylogenesis being active at a given 10 temperature where binary response was coded as non-active (value zero) or active (value 1) 11 (Rossi et al. 2007 ). The logistic regression takes the general form: 12
where  x is the probability of xylogenesis being active, x j is the temperature on a given day j,  0 
where f is the growth curve of known vector covariates (x ij ), unknown fixed effect parameters (ν), 11 unknown vector of random effect parameters (u i ), and unknown random errors (e ij ). Incorporating 12 u i in the model, the assumption of independent error terms was respected, which is necessary 13 when taking repeated measurements on the same trees at different sampling dates (Lindstrom and 14
Bates 1990). The Gompertz equation was employed as growth curve (Deslauriers et al. 2003a) 15
defined as: 16
where y is the weekly cumulative sum of growth (expressed in number of cells or ring width 18 increase), t the time computed in day of the year, A the upper asymptote,  the x-axis placement parameter, and  the rate of change parameter. The fitted curves were compared with one-way 1 ANOVA, analysing the fixed effect ν by means of dummy variables (Peek et al. 2002) . 2
Cell measurements 3
Curves of cell size variation along radial files of xylem, called tracheidograms, were constructed 4 for the 3 sampling points (microcores) of each tree and year. Standardization was required to 5 compare tree-ring structures as different numbers of cells were found. The standardization 6 method decreases or increases the initial tracheidogram, modifying the number of cells but 7 leaving the overall cell dimensions unchanged (Vaganov 1990 ). The total number of cells 8 deriving from the nonlinear mixed model was used to standardize the tree rings within each tree. 9
Tracheids were classified as latewood when single wall thickness was four time higher than 10 lumen diameter (Mork's formula described in Denne 1988 ). Cell lumen area, diameter and wall 11 thickness were compared between years with ANOVA for both earlywood and latewood. The 12 effect of year [degree of freedom (df)=1] was tested based on a factorial model crossed with trees 13 (df=8) with the term year*tree (df=8) considered as the error term. Differences between years 14 were found using LS-means with Scheffe's test. Verification of the ANOVA assumptions was 15 performed by testing for evidence of non-normality and equality of variance of the data (Quinn 16 and Keough, 2002). 17 
Threshold temperatures 6
The threshold temperature at which xylogenesis had a 0.5 probability of being active was 7 calculated for each tree and reported as average per year (table 1). Between the two years, the 8 thresholds for all air temperatures were not significantly different (P>0.05). By considering both 9 years, the calculated thresholds were about 5.5, 8.2 and 11.5 ºC for minimum, mean and 10 maximum air temperature respectively. The minimum, mean and maximum stem temperature 11 thresholds were higher than air thresholds, being 7.6, 9.5 and 12.1 ºC respectively for both years 12 (table  4 2). However, for ring-width increase, the model indicated the existence of a year effect on the 5 growth response curves ( figure 4, table 2 ). The gap between the onset of ring-width formation 6 was not filled, as shown by the separate confidence intervals throughout the growing period. anatomical signals of water stress in the tree-ring (abrupt decreases in radial diameter of a group 10 of cells or reduced percentages of latewood) were lacking in both years. 11
Latewood formation, which involves a reduction in radial expansion and an increase in wall 12 thickness, is strongly influenced by the duration of cell wall thickening (Denne 1976, Uggla et al. Larger xylem elements conduct a more than proportionally higher amount of resources, as a small 7 increase in tracheid diameter leads to large increases in hydraulic conductance, which represents 8 an advantage in terms of height growth potential for treeline species (Anfodillo et al. 2006 ). In 9 conclusion, the warmer temperatures in 2003 at the timberline in Southern Italy promoted the 10 growth of P. leucodermis, which currently seems to be more threatened by anthropogenic activity 11 than by climate change. 12 
